This paper briefly summarizes experiences with the use of SHRP-developed shear and fatigue test equipment for mix analysis and design over about an 8-year period since their development. A summary of experience with the shear test includes: 1) mix designs for two Interstate pavements; 2) analysis of mix rutting in accelerated pavement tests; and 3) mix design criteria development from a forensic study of pavement performance. Similarly, for the fatigue test, examples referred to include: 1) mix cracking in accelerated test pavements; 2) structural section design for an Interstate pavement subjected to 200 × 10 6 ESALs; and 3) evaluation of fatigue criteria in current PG specifications.
Introduction
As a part of the Strategic Highway Research Program, a simple shear test and improved fatigue test were developed to measure the permanent deformation characteristics and fatigue response of asphalt/binder-aggregate mixes. Details of these tests and recommendations for their use in mix design and analysis were published in References (1), (2) , and (3). In the more than 8 years since the introduction of these tests and the associated mix design and analysis procedures, experience has been gained in their use on a number of projects. It is the purpose of this paper to briefly summarize some of these experiences for specific applications which include mix and structural pavement section design and analysis, specification criteria evaluation, and the development of mix design criteria. For permanent deformation evaluation, the importance of laboratory compaction in achieving a representative aggregate structure is stressed. Data are presented comparing mix performance of in-situ cores as compared to laboratory compacted specimens to illustrate this point.
From the results of these evaluations, guidelines are provided for the use of these tests within the framework of a procedure which includes reliability considerations for both mix and structural pavement design and analysis.
Mix Design and Analysis, Rutting and Fatigue Considerations
An approach to mix design suggested in Reference (2) is to select a binder content for a particular aggregate and gradation to limit rutting to some predetermined level, e.g., 12-13 mm (0.5 in.). Essentially, this consists of testing a mix over a range in binder contents and selecting the highest binder content, which will permit the mix to accommodate the design traffic at a critical temperature 1 without exceeding the limiting rut depth.
When the design binder content has been selected, the performance of this mix in a selected structural section is evaluated to insure that the anticipated traffic for the design period can be carried so that the level of fatigue cracking will not exceed some prescribed level such as 10 percent in the wheel paths (1).
The approaches for both rutting and fatigue are illustrated in Figures 1 and 2 . For rutting the repeated simple shear test at constant height (RSST-CH) is utilized. In this test a prescribed shear stress (e.g., 69 kPa or 10 psi) is repeatedly applied for a specific loading time and a time interval between load applications at a specified test temperature. Tests are normally conducted for about 5000 repetitions or to some prescribed value of limiting shear strain and the repetitions corresponding to a fixed level of strain are selected, termed N supply .
The anticipated traffic must be converted to its laboratory equivalent termed N demand so that the following equation is satisfied:
N demand is determined from the estimate of the design ESALs, a temperature conversion factor (TCF) which converts the traffic year round to an equivalent number applied at the critical temperature,(4) and a shift factor (SF), which converts the repetitions applied in the field to an equivalent number in the laboratory;(2) that is:
The term M in Equation (1) represents a reliability multiplier which reflects the test variance and the estimated variance in the ln(ESALs) for a specified level of reliability. (2) For fatigue, N demand is determined from the following expression:
All of the terms in this equation have the same meaning as those in Equation (2) . N supply is determined from a relationship between applied strain and cycles to failure. This relationship generally has the form:
and may include parameters reflecting mix properties such as asphalt content and air-void content. (5) Analysis of the selected structural section in which the mix is to be used provides the value of strain to use in Equation (4) which determines N supply. Combining N demand with N supply using Equation (1) allows the designer to determine whether the mix will provide an adequate service life. If the particular mix does not satisfy Equation (1), a number of choices are available; e.g., increase the thickness of the asphalt concrete layer to reduce the strain to a level which will provide a value of N supply to satisfy Equation (1).
Mix Design and Analysis -Permanent Deformation
Published examples of the use of the RSST-CH for mix design include: 1) mixes for a warrantied overlay pavement on Interstate-5 in Northern California (6); and 2) mixes for a long-life pavement rehabilitation on Interstate-710 in Long Beach, California (7) . Analysis of the results of mix performance at WesTrack provides an example of comparative evaluation using the shear test results from pavement cores.(8) Evaluation of tests on cores from the San Francisco International Airport provide an example of the development of mix design criteria. (9) The I-5 project, an overlay consisting of two lifts of asphalt concrete, each approximately 50 mm (2 in.) in thickness, was constructed near Redding, California on an existing concrete pavement which was cracked and seated prior to the placement of the overlay. The lower lift contained a conventional dense graded aggregate with a PBA-6 binder (mix designation -DGAC) while the upper lift contained a gap-graded aggregate with an asphalt rubber binder (mix designation -ARHM-GG). The contractor was required to warranty the performance of the overlay for a period of 5 years with the requirement that rutting could not exceed 12-13 mm (0.5 in.). (6) The consultant to the contractor elected to use the RSST-CH test for binder content selection for both mixes. Results of tests performed at 45°C (113°F), the critical temperature estimated for the site are plotted in Figure 3 .
The value for N demand (corresponding to an estimated traffic of 10 10 6 ESALs) was determined to be 229,000 repetitions at a level of reliability of 95 percent. From the mix design information, values of binder content of 5.2 percent and 7.5 percent (aggregate basis) were recommended for the DGAC and ARHM, respectively as seen in Figure 3 At the end of the 5-year period, the mix performed as expected and the contractor received final payment for the project in accordance with the original contract.
Two mixes were evaluated for a long life pavement rehabilitation project for I-710 in Long Beach, California. (7) While one aggregate and grading was used for both mixes, one contained a PBA-6a* (PG64-40) 2 binder and the other an AR-8000 asphalt cement (PG64-16). Based on the requirements for N demand for the project, i.e. 660,000 repetitions, 3 the mix containing the PBA-6a* binder at a binder content of 4.7 percent was selected for use in the upper 75 mm (3 in.) of the pavement structure. For the next 150 mm (6 in.), the mix containing the AR-8000 binder was selected. Since the pavement will likely be subjected to the traffic prior to the placement of the PBA-6a* mix, a design binder content of 4.7 percent (aggregate basis) was also selected for this layer based on a conservative estimate for N demand of 146,000 repetitions.
To evaluate the proposed mix design for the PBA-6a* mix, a test section for rutting evaluation by the HVS was constructed using the same binder and aggregate as used in the mix design. Results of the HVS test conducted on this mix are shown in Figure 4 . The test was conducted at same temperature as the RSST-CH, i.e. 50 °C. Also shown in this figure are test results for mixes containing an AR-4000 asphalt cement and an asphalt rubber binder, both of which meet California DOT requirements for freeway traffic. (7) These data lend support to the use of the RSST-CH for mix evaluation since a discernable difference in rutting performance of the various mixes was observed. In August 1995, shoving and rutting were observed in the asphalt-concrete turn areas of the taxiway adjacent and leading to the International Terminal of the San Francisco International Airport (SFIA) attributed to slow-moving and sharp-turning Boeing 747-400 aircraft. In October 1995, rutting distortions (termed dimpling) were observed under stop-and-go aircraft movements on another taxiway attributed primarily to the Boeing 747-400 in queue awaiting takeoff.
To correct these as well as other rutting problems resulting from the Boeing 747-400 operations, a trial mix was selected to be used as a potential model for establishing a specification for a High Stability mix. It should be noted at the outset that the mixes which exhibited the rutting distress met current Federal Aviation Administration specifications. (9) The RSST-CH was used to evaluate the permanent deformation characteristics of the cores obtained when rehabilitation actions were taken. A logistic regression model was performed to analyze the test data. The results are shown in Figure 5 . Figure 5 shows isolines of reliability corresponding to values of 10, 50, 80, and 95 percent which can be can be used for mix design purposes. 
Mix Design and Analysis-Fatigue
As with permanent deformation, a design/analysis system has been developed to consider fatigue. Originally developed as a part of SHRP,(1) it has been extended to efficiently treat in-situ temperatures,(5) calibrated to the current Caltrans asphalt concrete pavement design system,(10) extended to incorporate construction variability(5) and used to interpret results of HVS tests on AC pavement, both new and overlaid, constructed according to Caltrans Standards.
If a mix design has been selected following the permanent deformation approach illustrated in Figure 1 , then fatigue tests would be performed on a representative mix at the design binder content. As seen in Figure 2 , it is necessary to select a structural pavement section including an appropriate thickness of the asphalt concrete layer. This is necessary to ensure that the anticipated traffic will be carried for the design period so that the level of cracking in the wheel paths will not exceed some prescribed amount, e.g., 10 percent. To estimate damaging strains from traffic, the pavement is treated as a multilayer elastic system.
Experience in the use of this system is briefly described in References (10, 8, 7, 11) 
Guidelines for Mix Analysis and Design
Use of the SHRP-developed test for fatigue and permanent deformation can be used for both mix design and analysis purposes as demonstrated herein.
For mix design purposes it is important that specimens be prepared by rolling wheel compaction to insure that the aggregate structure is comparable to that obtained in-situ. This is especially important for permanent deformation evaluations, Figure 6 . Also, the advantage of preparing specimens by this compaction process is that the resulting slabs provide the necessary cores (for permanent deformation) and beams (for fatigue) with all cut (sawed) faces. This should reduce variability among specimen.
In the shear test the mean square error used to arrive at the M value in Equation (1) is 0.602. This value, which is somewhat high, is at least partly attributable to the size of the specimen used relative to the maximum aggregate size and the fact that the representative volume element at elevated temperatures (>40°C) may be larger than the 150-mm (5-in.) diameter at 50-mm (2-in.) cores for nominal 19-mm (0.75-in.) maximum size aggregate. Larger-sized specimens will reduce this variability. (12) 1.E+02 When investigations are conducted on specimens obtained from existing pavements it is important to note the direction of traffic on the resulting specimens. This is necessary to insure that the orientation of the specimen in the test equipment is the same as its orientation relative to traffic loading (and compaction direction).
For testing at one temperature, it is recommended that the critical temperature for permanent deformation be determined by the procedure developed by Deacon et al. (4) Similarly, if fatigue testing is performed at 20°C, the procedure for determining the TCF to this temperature, also developed by Deacon et al. (4) is recommended.
Shift factors for fatigue can be developed for fatigue as a function of AC thickness and environment as described in Reference (5) . At the present time a shift factor of 0.04 for permanent deformation is suggested. However, this can be modified as experience is gained for specific environment and traffic conditions.
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